We examine if the cosmological relaxation mechanism, which was proposed recently as a new solution to the hierarchy problem, can be compatible with high reheating temperature well above the weak scale. As the barrier potential disappears at high temperature, the relaxion rolls down further after the reheating, which may ruin the successful implementation of the relaxation mechanism. It is noted that if the relaxion is coupled to a dark gauge boson, the new frictional force arising from dark gauge boson production can efficiently slow down the relaxion motion, which allows the relaxion to be stabilized after the electroweak phase transition for a wide range of model parameters, while satisfying the known observational constraints.
I. INTRODUCTION
Cosmological relaxation of the Higgs mass has been proposed recently as an alternative solution to the weak scale hierarchy problem [1] . 1 In this scenario, a pseudo Nambu-Goldston boson φ is coupled to the Standard Model Higgs doublet h, scanning the Higgs mass from a large initial value to the small present value. This scalar field, often referred to as the relaxion, has a potential including the piece enforcing the relaxion to move to scan the Higgs mass and also a periodic barrier potential to stop the relaxion at the position giving m 2 h = −(89 GeV) 2 . More specifically, the relevant scalar potential is given by
where Λ denotes the Higgs mass cutoff scale, f eff corresponds to the relaxion excursion required to scan the Higgs mass-square from Λ 2 to −(89 GeV) 2 , c 0 is a positive coefficient of order unity as suggested by the naturalness argument, and the barrier potential V b generically takes the form where µ b is determined by the scale where V b is generated, as well as by the involved couplings. Imposing the stationary condition to the potential (1), one finds
where v = 246 GeV and sin(φ 0 /f ) ∼ v 2 /(v 2 + Λ 2 b ) [19] for the relaxion vacuum value φ 0 in the present universe.
1 See Refs. [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] for subsequent studies on the viability of the cosmological relaxation scenario.
There can be two ways to generate the barrier potential as discussed in the literatures [1] [2] [3] . The minimal scenario is to generate V b through the relaxion coupling to the QCD anomaly, i.e. φGG/32π 2 f , which would result in Λ [1] [2] [3] [4] , where v = 246 GeV is the Higgs vacuum value in the present universe. Then the stationary condition (2) shows that the relaxion mechanism transmutes the weak scale hierarchy Λ v to another hierarchy f eff f . Although the latter hierarchy can be technically natural, it may require an explanation for its origin. This issue has been addressed in [21, 22] , proposing a scheme to generate an exponential hierarchy f eff /f ∼ e N based on models with N axions [23, 24] . A key ingredient of the relaxation scheme is a mechanism to dissipate away the relaxion kinetic energy which is originating from the initial potential energy of O(Λ 4 ). It is usually assumed that the relaxion loses its kinetic energy by the Hubble friction during the inflationary period. Then the scheme requires a rather large number of inflationary e-foldings [1] , which is estimated as [19] 
for the case that the barrier potential is induced by new physics, and
for the other case that the barrier potential is induced by low energy QCD. The above result and the relaxion scale hierarchy (2) show that the scenario with QCD-induced barrier potential requires a huge e-folding number and arXiv:1611.08569v2 [hep-ph] 12 Jun 2017 also a big hierarchy among the relaxion scales. As a too large e-folding number might cause a severe fine-tuning problem, in the following we will focus on the scenario that the barrier potential is generated by new physics around the weak scale, yielding
with µ b O(4πv). By the same reason, we will be more interested in the case that µ b is somewhat close to the weak scale.
In the relaxation scenario, to avoid a fine-tuning of the initial condition, the relaxion is assumed to be stabilized before the inflation is over. If the temperature during the reheating phase is well below the weak scale which corresponds to the scale where the barrier potential is generated, the relaxion dynamics after the reheating is trivial. It stays there without changing the Higgs mass selected during inflation. However, if the universe experiences a high temperature T v after inflation, the electroweak gauge symmetry is restored and the barrier potential disappears. Then the relaxion starts to roll again until the temperature cools down to a critical temperature T c ∼ v where the barrier potential is developed again, and such subsequent evolution may ruin the successful implementation of the relaxation mechanism. On the other hand, high reheating temperature T R v is often favored for viable cosmology, in particular for baryogenesis. It is therefore an interesting question if the cosmological relaxation mechanism can be compatible with such high reheating temperature. In this paper, we wish to examine such possibility within the relaxion scenario in which the barrier potential (5) is generated by new physics near the weak scale 2 . To proceed, let us first consider the case that there is no additional dissipation of the relaxion energy other than those by the Hubble friction. During the period when V b is negligible, e.g. for the radiation-dominated period with T > v, solving the equation of motion determined by (1) , one finds that the relaxion speed behaves aṡ
where
is the number of relativistic degrees of freedom at T , and we use the relation (2) for the last expression. As the relaxion speed is increasing in time, to stop the relaxion by the barrier potential developed around the time t c , one needṡ
One can also make sure that if this condition is satisfied, the relaxion is successfully stabilized within a few Hubble 2 The possibility of high reheating temperature was discussed in [1] for the case of QCD-induced barrier potential.
time from t c with a total excursion ∆φ O(f ), and therefore the corresponding change of the Higgs mass is negligible. On the other hand, the condition (7) puts a lower bound on the relaxion decay constant f , given by
where we used T c ∼ v. Although it is possible that the dynamics to generate V b involves a small coupling, so Λ b v, such a small Λ b is disfavored as it requires a bigger e-folding number (3) for a given value of the Higgs mass cutoff Λ. For Λ b ∼ v which is more favored in view of (3), the bound (8) suggests that f should be at least comparable to the Planck scale.
The above observation implies that one needs an additional mechanism to dissipate the relaxion energy to make the scheme compatible with T R v for the more interesting parameter range with Λ b ∼ v and f M pl . It is well known that a rolling scalar field φ can lose its kinetic energy through gauge field production induced by the coupling,
is an Abelian gauge field strength and X µν is its dual. In the presence of this coupling, a rolling φ develops tachyonic instability of X µ , causing an exponential growth of X µ for certain range of wave number. This provides an effective frictional force to the motion of φ, which has been applied recently to the relaxion dynamics in the early universe [25] . 3 In this paper, we explore the possibility of high reheating temperature in the relaxation scenario in which the coupling (9) is mainly responsible for the relaxion energy dissipation after reheating. We focus only on the dynamics of relaxion after reheating, by assuming that the electroweak scale is already selected by relaxion during the inflationary period as in the original cosmological relaxion scenario [1] . As we will see, in case that X µ is identified as the U (1) Y gauge boson of the Standard Model (SM), due to its large thermal mass, the gauge field production is not efficient enough to slow down the relaxion motion in most of the parameter space allowed by other constraints. On the other hand, if X µ is identified as a dark gauge boson with negligible thermal mass, the gauge field production can efficiently slow down the relaxion motion, allowing the relaxion to be successfully stabilized after the electroweak phase transition for a wide range of model parameters. This paper is organized as follows. In Sec. II, we review the gauge field production by a rolling scalar field with the coupling (9) , and apply the results for the relaxion dynamics at T v. Our primary concern is to identify the parameter region which allows the reheating temperature T R v without modifying the standard cosmology after reheating. For this, we estimate the relaxion excursion and terminal speed at the time when the relaxion is stopped by a barrier potential developed at T c ∼ v. We provide also numerical results to cross check our analytic estimation. In Sec. III, we discuss additional constraints on the scenario discussed in the previous section, and Sec. IV is the conclusion.
II. RELAXION DYNAMICS WITH GAUGE FIELD PRODUCTION
In the presence of the coupling (9), a background evolution of relaxion develops tachyonic instability of the Abelian gauge boson X µ [26, 27] . Let us begin with the case without any light U (1) X charged particle, in which the gauge field production turns out most efficient. In this case, there is no thermal mass of X µ even at high temperature limit, and then the equation of motion for X µ in the expanding universe is given by
where ± denotes the helicity state, a is the scale factor of the expanding universe with the metric
and X = dX/dτ andφ = dφ/dt for the conformal time τ and the physical time t. Assumingφ > 0, the positive helicity state experiences tachyonic instability for the wave number k ≤ k max = (aφ/F ). Using the WKB approximation, we find that the corresponding gauge field modes grow as
with the growth rate determined as
Here the lower bound on k is required for the validity of WKB approximation, |Ω /Ω 2 | 1. Note that the gauge field production is dominated for the modes with k ∼ k max .
So a rolling relaxion produces gauge fields with comoving wave number k ≤ k max , and those gauge fields will eventually modify the evolution of relaxion. To see the interplay between the gauge field production and the relaxion evolution, we consider the relaxion equation of motion
where the ensemble average of gauge fields is given by
where k peak (τ ) = k max (τ )/2 is the wave length at which the gauge field production is maximized. The above equation of motion shows that the produced gauge fields provide additional frictional force to the relaxion motion. Then the relaxion speed reaches at its terminal value around the time when the accelerating force ∂V /∂φ in (13) is balanced by the last frictional force term. We already noticed that the gauge field production is most efficient for k ∼ k max . Then, equating (14) with ∂V /∂φ, the relaxion terminal speed is estimated aṡ
where the dimensionless coefficient ξ mildly depends on various factors such as (∂V /∂φ), F , and the initial condition for X µ . We performed a numerical analysis to examine the relaxion evolution for the model parameters in Table I , and depict the result in Fig. 1 . Our result shows that the relaxion speed indeed approaches the form (15) with ξ 25 as indicated in Fig. 2 .
4 GeV 10 GeV 10 19 GeV 10 7 GeV 10 6 GeV We can also estimate the time scale of gauge field production. Right after the reheating, the relaxion field begins to roll down with a speeḋ
where t R denotes the time of reheating. Gauge field production due to this relaxion motion becomes important when
for which the frictional force term ∝ XX in (13) is not negligible anymore. Imposing this condition to the solution (16), we find the gauge field production time scale is given by
Soon after t p , the relaxion speed approaches its terminal value given by (15) . Since this terminal speed is decreasing in time, the relaxion field keeps losing its kinetic energy, and its speed eventually becomes smaller than the height of the barrier potential developed at T = T c ∼ v. Assuming that the universe is radiation-dominated over the period under consideration, we estimate the temper-
If T b > T c ,φ(T c ) is small enough to be stopped by the barrier potential right after the barrier potential is developed at T c ∼ v. On the other hand, if T b < T c , the relaxion rolls until the lower temperature T b when its speed is further reduced down to Λ 2 b . Then the temperature when the relaxion is finally stabilized is given by
where we set T c = v for simplicity.
Having determined the terminal speed, we can now compute the relaxion excursion after the reheating, which is given by
where t s is the time when the relaxion is finally stabilized, i.e. when T = T s . The dark gauge bosons produced by rolling relaxion eventually contribute to the dark radiation at the time of the big bang nucleosynthesis (BBN). Imposing the observational bound on dark radiation, ∆N eff 0.3, the energy density of X gauge bosons at t s is bounded roughly as
4 If the inflationary Hubble scale H I < 1/tp, the friction from gauge field production dominates over the Hubble friction during inflationary period, which would require even larger inflationary e-folding number for the scanning of the Higgs mass. 5 Note that the reheating temperature T R usually means the temperature when the reheating is completed, which is given by T R 1.7g
M pl Γσ where Γσ is the inflaton decay width, and g * is the number of relativistic degrees of freedom at T R . On the other hand, the relaxion experiences a subsequent rolling if the maximal temperature during the reheating period, which is given by Tmax ∼ T R (H end /H(T R )) 1/4 T R , is higher than the weak scale. As the relaxion terminal speed and the excursion range are almost independent of the initial temperature, we ignore the difference between T R and Tmax. Table I , when there is no U (1)X charged particle in the background thermal plasma. The relaxion speed increases asφ Λ 4 b /5f H, and approachesφterm ξF H with ξ 25 when the temperature of the universe is lower than 10 6 GeV. The initial temperature is taken to be T * = 10 7 GeV. Note that this bound from dark radiation ensures that the universe is radiation-dominated over the period from the beginning of reheating to the re-stabilization of relaxion. From this condition, we finally find a lower bound on f /F as
where ξ 25.
Up to this point, we assumed that there is no light U (1) X charged particle in the thermal plasma to ensure that we can safely ignore the thermal mass of X µ . Having a thermal mass higher than the Hubble expansion rate can significantly change the result as it suppresses the gauge field production, so makes the mechanism less efficient. To examine this issue, let us assume that there is a SM singlet but U (1) X charge particle constituting a thermal plasma with temperature T d < T , where T is the temperature of the SM degrees of freedom.
In the presence of dark plasma, the dispersion relation of X µ is changed as
with the one loop thermal correction given by [28, 29] 
Here m D is the Debye mass of X µ given by
where g X is the U (1) X gauge coupling. Since Abelian gauge boson does not have a magnetic mass, the dispersion relation still allows tachyonic modes for Ω k < k max . However, contrary to the previous case, the tachyonic instability is alleviated by the thermal mass, which results in the tachyonic gauge field modes grow as
with a reduced growth rate:
where we assumed
If T d is small enough to yield m D < H, the gauge field growth rate is approximately given by (12) , and therefore essentially same as the case without any light U (1) X charged particle.
As in the previous case, we can estimate the gauge field production time scale and the relaxion terminal speed for the case with a thermal mass m D > H. We then find
= κg T / √ 6 and the numerical coefficientξ 5.2 (see Fig. 2 ). As we mentioned in the previous paragraph, this result is valid only when m D > H. If m D < H, the terminal speed should be replaced with (15) . Note that compared to (15) , the terminal speed is bigger by the factor (m D /H) 2/3 , showing that a gauge field thermal mass m D H makes the gauge field production much less efficient, yielding a much bigger value of the final relaxion speed. In Fig. 3 , we depict the evolution of relaxion speed, as well as the evolution of the four quantities that appear in the relaxion equation of motion (13) for the model parameters in Table I and the gauge field thermal mass
. Although the rate is slower than the case without thermal mass, the terminal speed is again decreasing in time. 6 Here we assume that κ = g X T d /g T is constant during the evolution of relaxion field. What the rolling relaxion field mostly produces is a magnetic component of dark gauge fields. Contrary to the electric component of dark gauge boson, the magnetic component is not thermalized if kmax < k diff where k diff is a diffusion scale given by k diff /a ∼ T d H/α X (α X = g 2 X /4π) [30] . Throughout this paper, we consider g X ∼ O(10 −1 ) so that kmax < k diff for a relevant range of parameter space. In this case, the produced gauge fields do not heat up the dark sector temperature.
The temperature of the SM particles when the terminal speed becomes comparable to Λ 2 b is estimated as
and then the relaxion is finally stabilized at the temperature T s = min(T b , v). Having determined T s , it is straightforward to find the relaxion excursion after the reheating, which is given by
We can impose again the constraint
to avoid too much dark radiation, which yields
Generically an Abelian dark gauge boson X µ can have a kinetic mixing with the U (1) Y gauge boson B µ in the SM:
which may result in a modification of our results, as well as rich phenomenological consequences as discussed in [33] . In fact, after proper diagonalization of the kinetic and thermal mass terms, we find that the modification due to the kinetic mixing is suppressed by 2 (kφ/F )/T 2 , and therefore can be safely ignored.
Let us finally remark the possibility that X µ is identified as the U (1) Y gauge boson in the SM. The mechanism of gauge field production can hardly be realized under the working assumption of this paper if X µ is the hypercharge gauge boson. The above discussions can be directly applied to the hypercharge gauge boson by setting κ = 1. As is already shown in [19, 20] , the relaxion window for m φ O(0.1MeV) is strongly constrained by rare meson decay, electric dipole moment, and supernova 1987A. Only tiny window for the relaxion is available. Instead, we could focus on relatively light relaxion mass, m φ ≤ O(0.1MeV), while requiring
10 GeV to satisfy the bound on the relaxion-photon coupling [32] . For this size of coupling strength, the relaxion will be stabilized well after the electroweak phase transition such that T s = T b . From the condition (31), the production mechanism works only when
As it requires a super-Planckian relaxion decay constant, even the Hubble friction can stablize the relaxion after the reheating as discussed in the introduction. Since we are discussing the hypercharge gauge boson, the condition ∆V ≤ T 4 s to avoid a too much dark radiation can be relaxed. Instead, one might require the condition ∆φ ≤ (Λ 2 v 2 /Λ 4 b )f to avoid a too large change of the pre-selected Higgs boson mass. In this case, the initial energy density of relaxion can be as large as Λ 2 v 2 so that the relaxion energy density dominates the universe before the temperature of the universe is decreased down to T s . In this case, a large portion of the entropy of the current universe originates from the entropy that is relased from the relaxion condensate. Such entropy release from the relaxion condensate could dilute, for instance, bayon number which is generated by high temperature dynamics, or density perturbation which is generated by inflaton fluctuation. Obviously the dynamics of relaxion in such case is more involved, so we leave the detailed study of this case to future work.
III. FURTHER CONSTRAINTS
As noticed recently, the relaxion mass m φ Λ 2 b /f and the decay constant f can be constrained by a variety of low energy observables, as well as by astrophysical and cosmological considerations [19, 20] . In this work, we assume that the relaxion couples to the Standard Model particles mostly through the mixing with the Higgs boson, which arises from the barrier potential,
yielding the relaxion-Higgs mixing angle
For a relaxion mass m φ Λ 2 b /f O(100 MeV), low energy precision measurements such as rare meson decay [19, 20] already put severe constraints. Supernova 1987A provides constraints on the lower mass range O(0.1 MeV) ≤ m φ ≤ O(100 MeV) [19] , while m φ = O(1 keV) is constrained by globular clusters [20] if the mixing θ hφ is as large as O(10 −9 ). Finally the fifth force experiments can constrain the lighter relaxion with m φ ≤ O(100 meV) [20] . As the heavier relaxion is severely constrained by various observational data, in the following we focus on the relaxion mass m φ 0.1 MeV with small mixing angle θ hφ ∼ 10 −9 , which can be consistent with the existing astrophysical constraints.
In the above, cosmological constraints from the big bang nucleosynthesis, cosmic microwave background, and extragalactic background light are not included. Although they provide sensitive probes for the mass range O(1 keV) ≤ m φ ≤ O(100 MeV) in the conventional relaxion model [19, 20] , those cosmological constraints rely on the decay of relic relaxions into the SM particles after the neutrino decoupling. On the other hand, in our scenario with the coupling (9), relaxions can decay dominantly into the U (1) X gauge bosons if the coupling 1/F is large enough compared for instance to the relaxionphoton coupling αθ hφ /πv induced by the relaxion-Higgs mixing. Indeed in such case many of the cosmological constraints discussed in [19, 20] can be circumvented as summarized in Fig. 4 .
Meanwhile, the U (1) X gauge bosons produced by the late relaxion decays contribute to the dark radiation, which will be discussed in the following. We remind the reader that the present constraint on the number of relativistic degrees of freedom is N eff = 3.15 ± 0.23 [31] , providing an upper bound on the effective number of neutrino species as ∆N eff 0.3.
After t s , the relaxion starts to oscillate around the EW vacuum. At first, the oscillation is overdamped due to the friction from the gauge field as t < t s . We assume that the duration of the over-damped oscillation is not much larger than the Hubble time. This is automatically satisfied when f ξF . On the other hand, if f ξF without thermal mass, this requires an atypically small initial displacement of the relaxion from the minimum, ∆φ = O(ξF ) f . 7 This fine-tune in the initial displacement may be avoided if, for example, the gauge field X µ have a tiny (thermal) mass substantially larger than the Hubble rate after t s . In the following, we however assume a tuned initial displacement and restrict ourselves to the setups we adopted in the previous section to make arguments straightforward.
Provided the assumption above, after settled down at t s , the relaxion field oscillates coherently with an energy density given by
As we requireφ(t s ) Λ O(4πv 2 ), the energy density of the relaxion condensate is smaller than the radiation energy density at t = t s . Eventually, relaxions decay into the U (1) X gauge bosons, and the resulting contribution to N eff depends on the relaxion life time, as well as on the initial relaxion energy density. As the temperature at the time of relaxion decay is given by T dec 1.7g 2 , we find the contribution from U (1) X gauge bosons to the relativistic degrees of freedom at 7 We note the same subtlety resides in the conventional relaxion scenario. The initial relaxion VEV is not necessarily very close to the EW vacuum since the relaxion mass is smaller than the inflation Hubble rate [19] . Therefore, at some time after inflation the relaxion starts to oscillate with initial oscillation energy Λ 4 b , and can easily dominate the Universe at later time, unless the VEV happens to be atypically close to the minimum.
T dec is given by
In addition to those in the form of coherent oscillation, relaxions can be produced thermally from the SM plasma, providing another contribution to ∆N eff . For θ hφ as small as 10 −9 , dominant production channels are the SM particle scatterings producing φ and gluon, which would yield the relaxion abundance n φ /T 3 ∼ 3 × 10 −9 (θ hφ /10 −9 ) 2 [20] . This results in ∆N eff ∼ 10 −6 (θ hφ /10 −9 ) 3/2 (F/10 9 GeV)(Λ b /100 GeV), which is subdominant compared to the contribution from coherently oscillating relaxion condensate.
So far we have assumed that the U (1) X gauge bosons are not in thermal equilibrium with the SM plasma. If they are thermalized and remain in thermal equilibrium until the late time, U (1) X gauge bosons can be as abundant as neutrinos, which would violate the bound on ∆N eff . On the other hand, in the second example that we have discussed in the previous section, we take κ ≡ g X T d /g T as a free parameter. However, if the dark sector has been in thermal equilibrium with the SM particles after the reheating, the temperature of two sectors should be almost the same except for the small difference coming from entropy boost. As we will see in the following discussion, this is disadvantageous to our scenario. Ignoring the kinetic mixing between the U (1) Y and U (1) X gauge bosons, the SM sector and the dark sector interact with each other mostly through the relaxion; e.g., two SM fermions can annihilate into the U (1) X gauge bosons mediated by the relaxion. The interaction rate of such a process is given by
and the thermalization of the dark sector is possible for the temperature
Note that for m φ ≤ O(0.1 MeV), the relaxion-Higgs mixing angle can be at most O(10 −9 ). Also F O(8π 2 Λ) for theoretical consistency. This means that even for a relatively low cutoff scale, the thermalization of dark sector is possible only for high reheating temperature, e.g. T O(10 10 GeV) for Λ = 10 TeV. In Fig. 4 , we show the viable parameter region for our scenario in the absence (left) and presence (right) of dark plasma of the SM singlet but U (1) X -charged particles. For the purpose of illustration, we adopt the dark sector temperature T d = κT (g /g X ) with κ = 10 −5 . There are two primary requirements: conditions for successful relaxation, i.e. (22) or (31) discussed in the previous section, and additional constraints for ∆N eff ≤ 0.3 discussed in this section. Other constraints from astrophysics and . Blue and purple shaded regions are excluded by the overproduction of U (1)X gauge bosons and the bound on ∆N eff , respectively. Above the brown dotted line, relaxions decay dominantly into the U (1)X gauge bosons, and therefore the bound from late-time relaxion decays in the conventional scenario can be avoided. We also depict other observational constraints in horizontal shaded bands: fifth force search (gray), globular clusters (red), and supernovae (orange). Note that in the presence of dark plasma the viable parameter region is greatly reduced, so for instance there is only a little viable region for the case with T d /T = 10 −5 g /gX and Λ b ≥ 10 GeV.
terrestrial experiments [19, 20] are overlaid in the same plot. First of all, in the presence of dark plasma providing a thermal mass m D H, our scenario works only on a very limited region of parameter space as described in Fig. 4 . The viable parameter regions shrink even more if we increase κ. This essentially forbids the U (1) X gauge boson to be identified as the SM U (1) Y gauge boson for the most of parameter space, as stated in the end of previous section. On the other hand, our mechanism works for a reasonably wide range of parameter space in the absence of dark plasma. In particular, Λ b can be as large as O(100 GeV) which is preferred in view of the inflationary model building. Such a large Λ b is constrained further by the fifth force experiments and stellar evolution in globular clusters. Our scenario may be tested if the sensitivity of these experiments is significantly improved in the future.
We finally comment on the possible perturbations of the relaxion field around homogeneous background. As in the conventional relaxation scenario [1] , we assume that the electroweak scale is selected during the long period of inflation. Then the background value of relaxion at the beginning of reheating is nearly homogeneous. On the other hand, since the production of U (1) X bosons depends on the gauge field wave number, one may suspect that an inhomogeneity of φ might be developed conse-quently. However, it turns out that due to the negative feedback working between the relaxion speed and the gauge field production, the relaxion excursion in homogenous and isotropic background is stable against perturbations. Eventually the relaxion field enters into the terminal regime, and thereafter the growth of perturbations is by no means possible asφ and the resulting gauge field production continuously decay. Except for possible initial perturbations 8 , we thus conclude that sizable perturbations in the relaxion and U (1) X gauge fields can hardly be produced in our scenario.
IV. CONCLUSION
In this paper, we examined if the cosmological relaxation of the Higgs boson mass, which was proposed recently as an alternative solution to the weak scale hierarchy problem, can be compatible with high reheating temperature well above the weak scale. As the barrier potential disappears at high temperature, the relaxion rolls down further after the reheating, which may ruin the successful selection of the right Higgs boson mass. As it can provide a working scheme over a wide range of model parameters, we focus on the scenario that the relaxion is coupled to a dark U (1) X gauge boson as φXX/4F . In the presence of this coupling, the background relaxion evolution causes tachyonic instability of the U (1) X gauge boson, leading to an explosive gauge field production. Then the relaxion is slowed down soon after the gauge field production, and can be re-stabilized by the barrier potential developed at lower temperature around the electroweak scale.
To identify the working parameter region, we estimate the relaxion excursion after the reheating and impose the condition not to produce too much U (1) X gauge bosons, as well as other observational constraints on the model parameters. We have examined this for two different cases. The first is the case that there is no thermal plasma of U (1) X -charged particles, so no thermal mass of the U (1) X gauge boson. The second is the case with dark plasma providing a thermal gauge boson mass m D > H. In the first case, the gauge field production is most efficient, and therefore a successful re-stabilization of the relaxion can be achieved over a wide range of model parameters, including the one with Λ b = O(100) GeV which
